Abstract The evolution of neurocranial morphology in Homo sapiens is characterized by bulging of the parietal region, a feature unique to our species. In modern humans, expansion of the parietal surface occurs during the first year of life, in a morphogenetic stage which is absent in chimpanzees and Neandertals. A similar variation in brain shape among living adult humans is associated with expansion of the precuneus. Using MRI-derived structural brain templates, we compare medial brain morphology between humans and chimpanzees through shape analysis and geometrical modeling. We find that the main spatial difference is a prominent expansion of the precuneus in our species, providing further evidence of evolutionary changes associated with this area. The precuneus is a major hub of brain organization, a central node of the default-mode network, and plays an essential role in visuospatial integration. Together, the comparative neuroanatomical and paleontological evidence suggest that precuneus expansion is a neurological specialization of H. sapiens that evolved in the last 150,000 years that may be associated with recent human cognitive specializations.
Introduction
Based on paleontological evidence, it is generally recognized that our species, when compared with other extinct and extant hominoids, is characterized by a rounded braincase (Lieberman et al. 2002; Bookstein et al. 2003) . Quantitative analyses revealed that such globularity is not due to a general curvature of the whole neurocranium, but is mostly associated with a specific bulging of the parietal areas (Bruner et al. 2003 (Bruner et al. , 2011a Bruner 2004 ). According to the functional matrix hypothesis, during cranial morphogenesis the parietal bone is molded by the forces exerted by the growth and development of the corresponding cortical brain areas (Moss and Young 1960) . The spatial boundaries between the parietal lobes and the parietal bones may vary at different brain sizes, but their dimensions are correlated and there is a reliable correspondence between their general morphology (Bruner et al. 2015a ). Morphological integration, in both brain and skull, is generally based on local influences among contiguous elements (Bruner et al. 2010; Gómez-Robles et al. 2013) , and it is therefore likely that the morphological variation described for the parietal bones in the fossil record is Electronic supplementary material The online version of this article (doi:10.1007/s00429-015-1172-y) contains supplementary material, which is available to authorized users. & James K. Rilling jrillin@emory.edu mainly due to actual volumetric variation of the underlying parietal cortex. Neurocranial globularity in our species is due to an early postnatal stage of development characterized by expansion of parietal and cerebellar volume (Neubauer et al. 2009 ). Interestingly, chimpanzees and Neandertals lack this ontogenetic stage, although their subsequent endocranial morphogenesis is similar to the successive modern human pattern Gunz et al. 2010) . Similar parietal changes are also a major source of variation among adult modern humans and, in this case, it is strictly due to variation in the size of the precuneus (Bruner et al. 2014a (Bruner et al. , 2015b . The similarity between the inter-specific (bone) and intra-specific (brain) spatial variation suggests that these two processes may be related, and explained by common factors (Bruner et al. 2014b) . Therefore, precuneus expansion may be responsible for the emergence of neurocranial globularity in anatomically modern humans. The precuneus is a major hub of brain organization, a central node of the default-mode network, and plays an essential role in visuospatial integration (Cavanna and Trimble 2006; Margulies et al. 2009 ), suggesting that changes of this area might have been associated with human cognitive specializations. Fossils are the most direct source of evidence about evolutionary history, but inferences about their actual cerebral anatomy must be necessarily based on indirect assumptions. Therefore, an essential complementary source of evidence is the comparative study of human and other living primate brains (Rilling 2006 (Rilling , 2014 . In particular, the comparison between humans and our closest living primate relative, the chimpanzee, can provide insights into human brain evolution. Comparisons between human and macaque brains show that there are species-specific differences in the parietal cortex, for example in the structural and functional organization of the intraparietal sulcal cortex (Orban et al. 2006; Scheperjans et al. 2008a ). However, human-chimpanzee parietal lobe comparisons, and in particular comparisons of the medial parietal surface, are still lacking. In this study, we use structural MRI scans to describe and quantify differences in medial brain morphology between humans and chimpanzees.
Human brains are 3-4 times larger than chimpanzee brains (Sherwood et al. 2009; Neubauer 2014) . Phylogenetic variations in size are often associated with variations in shape due to allometric scaling rules, although in some cases the evolution of novel traits can drive changes in the relative proportions (Rilling 2006) . Either way, these changes would reflect volumetric expansion or contraction of some specific component that occurred after the phylogenetic separation of our two lineages, approximately 5-8 mya (Wood 2000; Strait and Grine 2004) .
Materials and methods

Magnetic resonance and imaging
The sample includes ten adult chimpanzees and ten adult humans. Chimpanzee MRI scans were performed on a Siemens 3 T Trio scanner with a standard birdcage coil routinely used for human head imaging. Chimpanzees were immobilized with ketamine (2-6 mg/kg, i.m.) prior to being anesthetized with an intravenous propofol drip (10 mg/kg/h). Animals were under constant observation by the veterinary staff before, during, and after the scan. Head motion was minimized by stabilizing with foam cushions and elastic straps. All procedures were carried out in accordance with protocols approved by the Yerkes National Primate Research Center and the Emory University Institutional Animal Care and Use Committee (approval No. YER-2001206) . Human subjects underwent MRI scanning at Emory University on a Siemens 3T scanner with a twelve-channel parallel imaging phase-array coil. Foam cushions were used to minimize head motion. All procedures were carried out in accordance with protocols approved by the Emory University Institutional Review Board (IRB#s: 00000028, 00044782). See online supplementary information for a more detailed description of scanning procedures and templates.
Morphometrics
Shape analysis was computed according to the principles of geometric morphometrics (Zelditch et al. 2004) . Sixteen landmarks were identified using both homologous neuroanatomical elements and geometrical references from the medial sagittal section crossing the precuneus grey matter (Fig. 1a, b ). Landmarks were selected according to previous analyses (Bruner et al. 2010 (Bruner et al. , 2014a : center of the splenium and genu of the corpus callosum, anterior border of the optic chiasm, central sulcus, marginal ramus of the cingulate sulcus, external and internal extremes of the perpendicular sulcus, central point of the subparietal sulcus, occipitocerebellar boundary, center of the thalamus, center of the quadrigeminal lamina. Along the frontal curve, from the anterior border of the optic chiasm to the central sulcus, three semilandmarks were sampled at equally distant points (25 % of the curve length). Along the occipital curve, between the external point of the perpendicular fissure and the occipito-cerebellar boundary, one semilandmark was sampled at 50 % of the curve length. The marginal landmark was sampled where the marginal sulcus is flexed between the precuneus and paracentral lobule, generally generating a minor additional sulcus or else joining the ''precuneal/subparietal sulcus''. The subparietal landmark was sampled at the center of the subparietal sulcus, generally displaying a form of ''H''. Although these two latter landmarks are associated with variable patterns among individuals, they can nonetheless be easily localized in most specimens, and clearly visible in the average templates. In some cases with minor uncertainty, averaging hemispheres further limits any possible bias, which is of a different order of magnitude relative to the observed inter-specific differences considered in this study.
Coordinates were superimposed by Procrustes registration, which minimizes and normalizes spatial differences by translation to a common centroid, scaling to unitary size, and rotation so as to minimize the distance between corresponding landmarks (Bookstein 1991) . Residuals have been analyzed by principal component analyses, averaging the right and left hemisphere for each specimen. Means were also compared using only the landmarks associated with precuneus morphology, so as to reveal shape-specific differences of this area, excluding morphological factors from other brain areas, and considering its geometry beyond its overall proportions. Differences between species and along the multivariate vectors were visualized through thin-plate spline interpolant function, showing the minimum deformation necessary to transform one shape into another, and a chromatic scale proportional to the degree of dilation/contraction. Coordinates were sampled with tpsDig 2.17 (Rohlf 2013) , and analyzed with tpsSplin 1.20 (Rohlf 2004) , tpsRelw 1.54 (Rohlf 2014) , MorphoJ 1.06a (Klingenberg 2011), and PAST 3.05 (Hammer et al. 2001) .
Results
The comparison between human and chimpanzee speciesspecific mean shapes (Fig. 1c) indicates that the main difference is a longitudinal spatial dilation of the upper part of the precuneus in humans relative to chimpanzees. This longitudinal stretching of the precuneus, between the marginal ramus of the cingulate sulcus and the perpendicular (parieto-occipital) fissure, separates and displaces the frontal and occipital lobes. Other districts do not display any particular change in their relative proportions or shape, except for a change in position induced by expansion of the precuneus and the spatial readjustment and separation of adjacent areas. The result is the same when using the whole mid-sagittal configuration or only the landmarks associated with the precuneus morphology Fig. 1 Comparison of average human and chimpanzee MRI templates. a Using coronal sections, sagittal slices were positioned to intersect the most medial cortical planes in chimpanzees (left) and humans (right). b The resulting sagittal images were compared according to a geometric model using a set of landmarks. Thin-plate spline deformation grids and expansion maps (red: dilation; blue: compression) were used to visualize shape changes from the chimpanzee template to the human template (c), using the whole configuration (above) or only the landmarks delimiting the precuneus area (below). Both right and left hemispheres are used to compute the averages. Thin-plate spline interpolant function computes the minimum spatial deformation between the two figures. In both cases, the main difference is associated with geometric expansion of the upper precuneus (precuneus and splenial area). This latter comparison further suggests that these differences are associated with the upper and anterior portions of the precuneus, toward the marginal ramus of the cingulate sulcus.
A principal component analysis of the whole sample (Fig. 2) shows that the variation is mainly associated with only one dominant component, explaining 57 % of the total variance. Each of the other multivariate vectors explains only a very minor percentage of variance, with a marked gap from the first axis, and eigenvalues which are below a threshold of random variation (broken stick model and Jolliffe cutoff value ; Wagner 1984; Jolliffe 2002) . Accordingly, none of these secondary components are sufficiently stable or reliable to be interpreted in terms of actual morphological patterns, being sensitive to noise and sample size. This structure of the multivariate space suggests that the sample variation is mainly based on a single determinant factor, without evidence of further additional shared patterns. The main vector is associated with the relative proportion of the precuneus, and with a vertical stretching of the posterior parts of the brain. Along this multivariate axis, humans and chimpanzee phenotypes are separated with no overlap in their morphological ranges, with humans displaying dilated precuneus and stretched parieto-occipital areas. Humans appear to be more variable then chimpanzees: comparing the standard deviation of the two species along this vector, the human sample is almost 1.5 times more variable than the chimpanzee sample (144 %).
The same results were obtained by using the whole brain landmark model, the precuneus landmarks only, or the parieto-occipital landmarks only. A discriminant analysis was also computed to show differences between humans and chimpanzees beyond pairwise mean Fig. 2 Using the whole-brain configuration, coordinates from ten adult chimpanzees and ten adult humans (averaged hemispheres) were superimposed by Procrustes registration and analyzed through Principal Component Analysis. Above: scree plot (a) showing that there is only one PC above the threshold of random effect (red line), explaining 57 % of the variation, and boxplot (b) showing the nonparametric distribution of the values along this vector for Homo sapiens (HS) and Pan troglodytes (PT). Below: scatterplot (c) of each spatial coordinate after superimposition (blue dots: chimps; red dots: humans), wireframe (d) showing the shape changes along PC1 (light blue: lower values; dark blue: higher values), and thin-plate spline deformation grids (e) with expansion map (red: dilation; blue: constriction) showing the associated spatial changes. This morphological component is due to expansion of the precuneus and vertical stretching of the parieto-occipital areas comparisons and principal components. The discrimination vector was significant but it was associated with the same pattern of the first principal component, adding no further information.
Discussion
The boundaries of the parietal bone and parietal lobe do not show a fixed spatial relationship, but their respective dimensions are nonetheless correlated (Bruner et al. 2015a) , and there is a geometrical correspondence of their respective surfaces (Moss and Young 1960; Kobayashi et al. 2014) . The globularity of the modern human braincase is primarily determined by the size and shape of the parietal bone, which has a species-specific morphology in Homo sapiens. Midsagittal parietal variation is a major morphological factor in both modern human cranial evolution and modern human brain variability and, in this latter case, the variation is largely due to the size of the precuneus (Bruner et al. 2014b) . The current study suggests that the precuneus also shows phylogenetic differences among living hominoids, displaying larger proportions in our species when compared with chimpanzees.
This morphological difference could be the result of a brain size effect associated with positive allometry of the parietal proportions, or else a species-specific character. The current evidence suggests that an allometric effect is unlikely, for two main reasons. First, endocranial morphogenesis in H. sapiens and Pan troglodytes differs most prominently due to a parietal bulging stage in humans . The fact that chimpanzees lack this discrete stage is difficult to explain in terms of allometry, and it is likely that this specific stage newly evolved in modern humans. All living apes lack this parietal bulging stage (Scott et al. 2014) , and hence the modern pattern is likely to be the derived one. Second, despite having a cranial capacity similar to or even larger than modern humans, Neandertals also lack this parietal bulging stage ) and do not display bulging parietal bones or lobes (Bruner et al. 2003 (Bruner et al. , 2011b Bruner 2004) . Therefore, an allometric effect of the brain size is unlikely to explain the human-chimpanzee differences we observe in precuneus proportions. Given that modern humans display a specific ontogenetic stage of parietal expansion when compared with chimpanzees, and given that there is also a patent difference in the proportions of the precuneus between the two species, it is reasonable to hypothesize that the ontogenetic stage characterizing the endocranial ontogeny of our species may be associated with the development of the medial parietal cortex. Because similar morphological variation also characterizes the main neurocranial difference between modern humans and the extinct human species, there may well have been a major expansion of the precuneus in recent human evolution.
In humans, there is an inverse correlation between the parietal and occipital bone morphology, and the bulging of the former involves the flattening of the latter (Gunz and Harvati 2007) . Conversely, there is no correlation between parietal and occipital cortical volume among modern humans, but instead parietal cortex shows an inverse correlation with the volume of the frontal lobes (Allen et al. 2002) . It remains to be evaluated whether the phylogenetic expansion of the precuneus described in this study, beyond a spatial displacement of the frontal areas, involved a relative reduction of the frontal cortex along the modern human lineage. However, it should also be noted that intraspecific and inter-specific variability can be based on different and independent rules (e.g., Martin and Barbour 1989) , and the morphological changes associated with larger precuneus in our species must be further investigated taking into consideration structural and functional differences between brain and bone components, and between intra-and inter-specific phenotypic variation.
The parietal lobes display subtle parcellations, with cytoarchitecture and connectivity largely conserved in humans and monkeys (Scheperjans et al. 2008b; Caspers et al. 2011; Mars et al. 2011; Caminiti et al. 2015) . Because of this stable organization, it has been hypothesized that possible differences in humans may reflect expansion and functional modification of existing subdivisions, more-so than the addition of novel elements. The precuneus is the junction of three cortical territories: somatosensory cortex anteriorly, posterior cingulate cortex ventrally, and medial parietal cortex, dorsally (Margulies et al. 2009 ). The species difference we observe here is probably concentrated in medial parietal and somatosensory cortex. The medial parietal cortex is involved in higher-order cognitive processing (Cavanna and Trimble 2006; Margulies et al. 2009 ). It is a hub of cortical connectivity (Hagmann et al. 2008; Li et al. 2013 ) and a component of the default-mode network (Utevsky et al. 2014) . Humans and chimpanzees, along with macaque monkeys, appear to possess a defaultmode network comprised of a set of homologous areas (Rilling et al. 2007; Barks et al. 2015; Kojima et al. 2009; Mantini et al. 2011) , although this does not imply that the cognitive processes associated with these networks are identical across species. The medial parietal cortex is also implicated in higher cognitive processes such as autobiographical memory retrieval, theory of mind and self-reflection (Cavanna and Trimble 2006; Schneider et al. 2014 ). The precuneus is also essential in visuospatial functions which are central for the integration between brain, body, and environment, as for managing internal cognitive models (Land 2014; Bruner and Iriki 2015; Peer et al. 2015) . Current perspectives in cognitive sciences suggest that the integration between body and environment is also crucial to coordinate spatial and chronological processes with social perception (Hills et al. 2015; Maister et al. 2015) . It is likely that some of these capacities underwent selection in recent human evolution.
A final note concerns metabolism. Despite its high glucose metabolic rate, the precuneus is thought to have high energy efficiency (i.e., high degree of connectivity relative to its metabolic rate; Tomasi et al. 2013) . Enlarging a precuneus hub could therefore minimize total energy requirements associated with increases in cortical connectivity. The expanded parietal region includes cortex that is highly metabolically active (Cavanna and Trimble 2006; Sotero and Iturria-Medina 2011) . These same areas are associated, only in modern humans and not in other extinct hominids, with expanded vascular networks (Bruner et al. 2011a; Rangel de Lázaro et al. 2015) , and are close to the thermal core of the brain (Bruner et al. 2014a ). All these changes may therefore suggest a relationship between morphological complexity, encephalization, vascular adaptations, and thermoregulation (Bruner et al. 2014b) . Beyond this difference in medial structures, chimpanzees and humans also differ in their relative temporal lobe volume (Rilling and Seligman 2002) . Interestingly, Alzheimer's Disease, which is particularly prevalent in our species, is associated with early metabolic impairments of the precuneus and later damage to the temporal lobe (Bruner and Jacobs 2013) . These areas, both especially developed in modern humans, are connected through the default-mode network, suggesting probable evolutionary factors influencing sensitivity to neurodegenerative processes.
Conclusions
A longitudinal parietal expansion is a key feature of modern human evolution, a major source of intra-specific variation in living adults, and a main difference between humans and chimpanzees. In the last two cases, brain imaging has revealed that the size of the precuneus is the factor involved in such morphological variation. These differences in medial brain morphology between humans and chimpanzees therefore have important implications for both comparative primate neurobiology and paleoanthropology. In terms of living species, they demonstrate a different anatomical organization of the medial parietal cortex in humans and apes. In terms of human evolution, they further point to a role for the precuneus in explaining brain differences between modern humans and extinct human species. Fossils associated with the modern human lineage dating back to 150-200 thousand years ago do not show a modern-like parietal expansion (Bruner and Pearson 2013) . This suggests that expansion of the medial parietal cortex in the modern human lineage may have occurred after the origin of our species.
Integrating evidence from paleoneurology and comparative neuroanatomy, we hypothesize a conspicuous enlargement of the precuneus associated with our recent evolutionary history, which may be associated with specific human cognitive specializations. Further research is needed to investigate the changes in tissue organization and connectivity that underlie the observed macroscopic change, and their possible functional significance. In humans, brain morphology shows greater phenotypic plasticity than in chimpanzees (Gómez-Robles et al. 2015) , and the medial parietal lobe is influenced by both genetic (Chen et al. 2012 ) and environmental (Iriki and Taoka 2012) factors, including culture. The contribution of these two components to the overall morphological differences among individuals and among species remains to be evaluated.
